Azide and cyanide inhibit both respiration and photosynthesis, in vivo as well as in vitro. While the inhibition of respiration is accounted for by the inhibition of metal-containing terminal oxidases, primarily cyt oxidase, the mechanism of inhibition of photosynthesis is controversial. It is well known that cyanide and azide do not inhibit photosynthetic electron transport from H20 to NADP or to artificial electron acceptors, nor photosynthetic phosphorylation (1, 2). Therefore, the inhibition of photosynthesis by these poisons must be explained by an indirect mechanism of invoking the inhibition of one or more steps of the photosynthetic carbon cycle. Bamberger and Avron (3) have demonstrated that the steps between Rib5P2 and 3PGA are not affected by azide, at concentrations that completely inhibit photosynthetic CO2 fixation in isolated chloroplasts. These authors attribute the inhibition of photosynthesis by N3-to the inhibition of carbonic anhydrase, an enzyme abundant in chloroplast stroma (13), which has been proposed to have a function in the uptake of CO2 into the chloroplast (5, 7). Although this function ' This work was supported by the Consiglio Nazionale delle Richerche of Italy.
due to H202 accumulation, which is a consequence of catalase inhibition.
The inhibition of phosphoglycerate reduction, but not of CO2 reduction, is abolished under conditions where ATP is available in excess of NADPH (low light, supply of ATP). This is taken as an indication that electron flow from photosystem I is diverted to 02 (Mehler reaction, which produces H202) when the unavailability of ATP is limiting the rate of reoxidation of NADPH. The Mehier reaction is considered a physiological process supplying ATP for photosynthesis.
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2 Abbreviations: PEP: phosphoenolpyruvate; 3PGA: 3-phosphoglycerate: Rib-5-P: ribose 5-phosphate; DTT; dithiothreitol.
is under dispute (13) , the importance of carbonic anhydrase in photosynthesis is beyond doubt. The studies reported here on the mechanism of inhibition of photosynthesis by CN-and N3-lead us to conclude that the inhibition of photosynthesis in isolated chloroplasts by these reagents can be accounted for by their inhibition of catalase and the consequent accumulation of H202, in addition to the inhibition of carbonic anhydrase. It is known that H202 inhibits enzymes dependent on -SH groups for activity.
The production of H202 by photosynthetic electron transport has been established by Mehler (1 1), and is the result of reoxidation by 02 of the primary reductant of PSI. On the other hand, no H202 is formed when NADP is available as the electron acceptor. The Mehler reaction has been shown to be coupled to ATP formation (6) and it has been proposed that it has the function of supplying the ATP needed for the assimilation of CO2 in excess of that provided by the electron transport to NADP under steady-state conditions (4) as well as during the onset of photosynthesis (8) . Normally intact chloroplast preparations contain sufficient amounts of catalase to decompose any H202 formed (or most of it, see Fig. 3 and Table I ). However, the inhibition of catalase leads to accumulation of H202 in broken (6) as well as in intact chloroplasts, as shown here. The production of H202 during photosynthesis in intact algae has also been demonstrated (12) .
MATERIALS AND METHODS
Intact chloroplasts were prepared from spinach (Spinacia oleracea) leaves as previously described (9) . Photosynthesis was measured as the evolution at 02 at 20 C, by means of a Clarktype 02 electrode. Illumination was provided by a 500 w tungsten lamp, filtered through 5 cm of water and a heath filter (Calflex C, Balzer). Unless otherwise indicated, light intensity was 1.4 x 106 ergs -sec--cm-2, which was saturating for photosynthesis. Catalase activity was measured as the initial rate of 02 evolution, estimated at the 02 electrode, upon addition of 1 mm H202 in the dark. The basic reaction mixture for all experiments with intact chloroplasts contained: 50 mm HEPES (pH 7.6), 0.33 M sorbitol, 1 mm MnCl2, 1 mM MgCl2, 2 mm EDTA, 0.2 mM Pi. Other additions are indicated in the experimental section. H202 was determined enzymically, measuring 02 evolution upon addition of catalase. The reaction mixture was acidified with H2SO4 to pH 1, stirred a few min to eliminate CN-where present, then neutralized with NaOH. Crystalline catalase was then added. The rapid 02 evolution, complete in few sec, was recorded. H202 concentration was calculated from the amount Of 02 evolved.
RESULTS
The inhibition of photosynthesis by increasing concentrations of cyanide is shown in Table I , as well as the inhibition of the H202-dependent 02 evolution of the chloroplast preparation. Figure 1 shows that inhibition by N3-of 02 evolution by intact chloroplasts is not relieved by the addition of 3PGA. This rules out the possibility of an involvement of carbonic anhydrase, because 3PGA-dependent 02 evolution does not require CO2 or HC03-. This point was investigated further using the reconstituted chloroplast system described by McC Lilley et al. (10) . In this system, the chloroplast envelope is absent, and photosynthesis depends on the phosphorylating electron transport system of the grana and on the activity of the carbon cycle enzymes added as a concentrated extract obtained from intact chloroplasts disrupted by osmotic shock. So, transport of CO2 or HC03-through the envelope is not a factor in this system. The addition of a small amount of NADP produces a rapid ferredoxin-dependent 02 evolution, which ceases when NADP is completely reduced (Fig. 2) . The addition of ribose 5-phosphate restores 02 evolution, which is stimulated by the further addition of ATP. NaN3 addition completely inhibits 02 evolution within about 90 sec, and the subsequent addition of 3PGA has no effect, indicating that 3PGA kinase and/or triosephosphate dehydrogenase are inactive. 02 evolution can be restored to the initial rate by the addition of NADP, indicating that the electron transport system of thylakoids has not been damaged by N3-treatment. This experiment indicates that the inhibition by N3
and 02 evolution is due primarily to the inactivation of the 3PGA-reducing system, rather than to inhibition of carbonic anhydrase, which would have no influence on 3PGA-dependent 02 evolution.
The role of carbonic anhydrase inhibition in the block of Rib-5-P-dependent 02 evolution is also unlikely, because the rate of spontaneous equilibration of HC03-and CO2 is largely sufficient to account for the rates of CO2 fixation observed in our conditions (Fig. 2) .
The inactivation of the 3PGA-reducing system in intact chloroplasts illuminated in the presence of NaN3 was therefore investigated. Chloroplasts were illuminated in the presence or absence of 0.1 mm NaN3 and samples were withdrawn at the times indicated in Table II and used for the estimation of 3PGA kinase and NADPH-dependent triophosphate dehydrogenase. Table III demonstrate that the inhibition by KCN disappears when ATP and 3PGA are supplied at low light intensity. At high light intensity, ATP does not overcome completely CN-inhibition even in the presence of 3PGA (data not shown): however, under these conditions, 02 evolution was also dependent on CO2 fixation and not only on 3PGA reduction. Table III also al. (4) , on the basis of their measurements of 1802 exchange during photosynthesis. We can support this conclusion and their suggestion that the Mehler reaction has the role of providing the ATP needed for the operation of the carbon cycle in excess of that produced during NADP reduction. Indeed, evidence is presented here (Table III) that the Mehler reaction does not operate, H202 is not produced, and therefore CN-does not inhibit PGA-dependent 02 evolution whenever ATP availability does not limit the rate of NADPH reoxidation. This condition is achieved in isolated chloroplasts under low light intensity (so limiting the rate of NADP reduction) and with the addition of ATP and 3PGA in saturating concentrations. In our opinion, this result provides convincing evidence that the diversion of electron flow from the reducing end of PSI to either NADP or 02 is regulated by the concentration of ATP in the chloroplasts, which determines the availability of diphosphoglycerate, and therefore the reoxidation of NADPH. Whenever NADP is available, the electron flow to 02 is suppressed, and diverted to the faster reaction through ferredoxin and the flavoprotein toward NADP.
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